Traditionally, many cancer cells have been considered to have tumorigenic potential even though no assay has yet demonstrated that a high percentage of single human cancer cells can form tumors. In contrast, the cancer stem cell model has suggested that only small subpopulations of cancer cells have tumorigenic potential based on experiments in which human cancer cells were xenotransplanted into NOD/SCID mice. For example, only one in a million (0.0001%) human melanoma cells is tumorigenic in NOD/SCID mice[@R1]. Indeed, the vast majority of human cancers have only rare (\<0.1%) tumorigenic/leukemogenic cells (also called cancer-initiating cells or cancer stem cells) when transplanted into NOD/SCID or other highly immunocompromised mice[@R1]-[@R11]. Nonetheless, recent studies of mouse hematopoietic malignancies have raised the question of whether NOD/SCID assays underestimate the frequency of human cancer-initiating cells[@R12]-[@R14]. Indeed, human leukemias exhibit a modestly higher frequency of leukemogenic cells when assayed in mice that are more highly immunocompromised than NOD/SCID mice[@R15],[@R16], although leukemogenic cells still represent only 1% of cells in one such model[@R17]. The critical question is whether optimization of xenotransplantation assays could reveal that some human cancers actually have very common cells with tumorigenic potential despite only having rare tumorigenic cells in NOD/SCID mice.

The question of whether cells with tumorigenic potential are common or rare within human cancers has fundamental implications for therapy. If tumorigenic cells represent small minority populations, as suggested by the evidence supporting the cancer stem cell model, improved anti-cancer therapies may be identified based on the ability to kill these cancer stem cells rather than the bulk population of non-tumorigenic cancer cells[@R18],[@R19]. Alternatively, if cells with tumorigenic potential are common it will not be possible to more effectively treat cancer or to better understand cancer biology by focusing on small minority subpopulations.

Melanoma-initiating cells are rare in NOD/SCID mice {#S1}
===================================================

Melanoma-initiating (tumorigenic) cells were reported to be rare based on the observation that only 1 in 1,090,000 human metastatic melanoma cells formed tumors within 8 weeks of transplantation into NOD/SCID mice[@R1]. To assess this, we transplanted 10^2^ to 10^7^ freshly dissociated melanoma cells obtained directly from 7 patients subcutaneously into NOD/SCID mice (see [Suppl. Table 1](#SD1){ref-type="supplementary-material"} for more information on tumors). Palpable tumors were evident in some mice eight weeks after injection of cells from four of seven melanomas ([Fig 1a, b](#F1){ref-type="fig"}). Limiting dilution analysis[@R20] indicated that the average frequency of cells that formed tumors within 8 weeks of transplantation into NOD/SCID mice was 1 in 837,000 ([Fig. 1c](#F1){ref-type="fig"}), confirming the published estimate[@R1]. However, most tumors took more than 8 weeks to develop ([Fig. 1a](#F1){ref-type="fig"}). On average, tumors first became palpable after 11.4±3.8 weeks (mean±s.d.), or 14.3±7.6 weeks for tumors that arose from less than 10,000 injected cells. Variability was high, but the average frequency of cells that formed tumors within 32 weeks was 1 in 111,000 ([Fig. 1c](#F1){ref-type="fig"}; p\<0.0001). The frequency of melanoma-initiating cells is therefore significantly underestimated when tumor formation is monitored for only 8 weeks.

Assay modifications increase tumorigenic cell detection {#S2}
=======================================================

Some normal human hematopoietic cells engraft more efficiently in NOD/SCID mice lacking the interleukin-2 gamma receptor (NOD/SCID IL2Rγ^null^) as compared to NOD/SCID mice, due in part to the lack of natural killer (NK) cell activity in NOD/SCID IL2Rγ^null^ mice[@R21]-[@R24]. NOD/SCID IL2Rγ^null^ mice have also been used to study cancer arising from human cell lines[@R25],[@R26] or human leukemias[@R15],[@R27]. We thus compared human melanoma growth in NOD/SCID mice and NOD/SCID IL2Rγ^null^ mice to test whether more tumorigenic cells could be detected in more highly immunocompromised NOD/SCID IL2Rγ^null^ mice. Xenografted melanoma cells (human melanomas grown in NOD/SCID mice) from 5 patients were dissociated, then live human cells were isolated by flow-cytometry (excluding mouse hematopoietic and endothelial cells; [Fig. 2a](#F2){ref-type="fig"}) and transplanted side-by-side into NOD/SCID IL2Rγ^null^ and NOD/SCID mice ([Fig. 2b](#F2){ref-type="fig"}). Tumors grew faster in NOD/SCID IL2Rγ^null^ mice ([Fig. 2b](#F2){ref-type="fig"} and [Suppl. Fig. 1](#SD1){ref-type="supplementary-material"}), and an increased (p\<0.05) frequency of melanoma-initiating cells was observed in NOD/SCID IL2Rγ^null^ mice as compared to NOD/SCID mice in every tumor tested ([Suppl. Fig. 2](#SD1){ref-type="supplementary-material"}). Two melanoma specimens obtained directly from patients (465 and 481) also exhibited a significantly (p\<0.05) higher frequency of melanoma-initiating cells in NOD/SCID IL2Rγ^null^ mice ([Suppl. Fig. 2](#SD1){ref-type="supplementary-material"}).

To test whether NOD/SCID IL2Rγ^null^ mice selected for growth of more aggressive clones, we transplanted cells from tumors grown in NOD/SCID IL2Rγ^null^ mice back into NOD/SCID versus NOD/SCID IL2Rγ^null^ recipients. The frequency of detectable tumorigenic cells in these tumors went back down in NOD/SCID mice ([Suppl. Fig. 3a](#SD1){ref-type="supplementary-material"}), demonstrating that heritable changes in the frequency of melanoma-initiating cells did not occur as a result of having grown in NOD/SCID IL2Rγ^null^ mice. An increased xenogeneic immune response likely contributes to reduced tumorigenesis by melanoma cells in NOD/SCID mice as compared to NOD/SCID IL2Rγ^null^ mice.

We next tested whether further improvements could be made in melanoma cell engraftment. Coinjection with Matrigel[@R28] increases tumor formation by cancer cell lines[@R29],[@R30] and enhances the engraftment of primary human epithelial cancer cells in immunocompromised mice[@R6],[@R31]. To test the effect of Matrigel on the ability to detect tumorigenic melanoma cells, we isolated live human melanoma cells by flow-cytometry ([Fig. 2a](#F2){ref-type="fig"}) from xenografts derived from 3 patients. The same cell preparations were transplanted into NOD/SCID IL2Rγ^null^ mice after mixing with either vehicle (see Methods) or vehicle with Matrigel. Tumor cells injected with Matrigel produced tumors that grew faster than cells injected with vehicle alone ([Fig. 2c](#F2){ref-type="fig"} and [Suppl. Fig. 4a](#SD1){ref-type="supplementary-material"}), and limiting dilution analysis revealed that in every case more melanoma cells were tumorigenic in Matrigel ([Suppl. Fig. 4b](#SD1){ref-type="supplementary-material"}).

To quantify the combined effect of the individual assay improvements described above, we performed side-by-side transplantation of flow-cytometrically isolated live melanoma cells obtained from xenografted tumors from three different patients. The same cell preparations were either mixed with vehicle and injected into NOD/SCID mice or mixed with Matrigel and injected into NOD/SCID IL2Rγ^null^ mice. In every case, we observed much higher frequencies of tumorigenic cells in the NOD/SCID IL2Rγ^null^ mice. On average more than 5,000-fold more cells exhibited tumorigenic activity under the modified assay conditions, in which an average of 1 in 9 human melanoma cells formed tumors ([Fig. 2d](#F2){ref-type="fig"}). A somewhat higher frequency of melanoma cells formed tumors in NOD/SCID mice in this experiment as compared to the experiment performed in [Figure 1](#F1){ref-type="fig"} because the isolation of melanoma cells by flow-cytometry in this experiment improved the ability to eliminate dying cells, debris, hematopoietic cells, and endothelial cells. These results indicate that xenotransplantation assays can be modified to detect much higher than expected frequencies of human cells with tumorigenic potential.

Tumorigenic potential is a common attribute of melanoma cells {#S3}
=============================================================

To ensure that our modified assay conditions did not somehow confer tumorigenic capacity on human cells, we injected 10,000 primary human melanocytes and/or 100,000 primary human mesenchymal stem cells with Matrigel into NOD/SCID IL2Rγ^null^ mice. These injections did not lead to the formation of tumors ([Fig. 3a](#F3){ref-type="fig"}). The frequency of tumorigenic melanoma cells also did not increase with passaging in mice ([Supp. Fig. 4c](#SD1){ref-type="supplementary-material"}). Therefore, this xenotransplantation assay does not confer tumorigenic potential on human cells. Consistent with this, serial transplantation experiments demonstrated that the increased tumorigenicity of melanoma cells in NOD/SCID IL2Rγ^null^ mice reflected an effect of the environment, and not a heritable change in the transplanted cells themselves ([Suppl. Fig. 3a](#SD1){ref-type="supplementary-material"}).

To determine whether xenografted melanomas consistently exhibit high frequencies of tumorigenic cells, we tested 5 additional tumor samples in an independent series of experiments, including some tumors that exhibited rare tumorigenic cells in NOD/SCID mice ([Fig. 1](#F1){ref-type="fig"}). In each case, live human melanoma cells were isolated by flow-cytometry ([Fig. 2a](#F2){ref-type="fig"}) and injected with Matrigel into NOD/SCID IL2Rγ^null^ mice. Palpable tumors from the injection of 8 cells were first detected 10±1 weeks after injection. Every tumor exhibited a high frequency of tumorigenic cells (range 1 in 21 to 1 in 5 cells), averaging 1 in 9 cells ([Fig. 3b](#F3){ref-type="fig"}).

To assess whether melanoma cells obtained directly from patients also contain a high frequency of cells with tumorigenic potential we assessed cells obtained from 6 patients. These included four metastatic melanomas and two primary cutaneous melanomas. Live melanoma cells were isolated by flow-cytometry, excluding human hematopoietic (CD45+ or glycophorinA+) and endothelial cells (CD31+), which collectively represented 50±33% of cells in tumors obtained directly from patients. These excluded cells were confirmed to be hematopoietic and endothelial cells rather than melanoma cells by microscopy, and were greatly depleted of tumorigenic activity when transplanted (data not shown). The flow-cytometrically-isolated melanoma cells were mixed with Matrigel and injected into NOD/SCID IL2Rγ^null^ mice. On average, palpable tumors from the injection of 10 cells were first detected 13±4 weeks after injection. Every tumor exhibited a high frequency of tumorigenic cells, with an average of 1 in 4 injected cells forming a tumor based on limiting dilution analysis ([Fig. 3c](#F3){ref-type="fig"}). In tumors obtained directly from patients 492, 501 and 509 (the latter a cutaneous primary tumor) every injection (6/6) of only 10 cells produced a tumor ([Fig. 3c](#F3){ref-type="fig"}).

We have thus performed injections of small numbers of melanoma cells from 12 different patients and have not yet found a tumor that contained rare tumorigenic cells. Tumorigenic cells were common in all tumors, irrespective of whether they were derived from xenografts or directly from patients, and whether they were from primary cutaneous or metastatic melanomas.

Tumorigenesis by single, unselected melanoma cells {#S4}
==================================================

To our knowledge, no study has yet demonstrated that a high percentage of single cells from a spontaneously occurring human cancer have the potential to form tumors in vivo. To assess this, we flow-cytometrically sorted live human melanoma cells from xenografted tumors obtained from 4 different patients, then deposited one cell per well in Terasaki plates (well volume 10 μl). Wells were visually confirmed to contain a single cell, then mixed with Matrigel, and injected into NOD/SCID IL2Rγ^null^ mice ([Fig. 4a](#F4){ref-type="fig"}). Twelve to 65% of single cells formed tumors, depending on the patient ([Fig. 4b](#F4){ref-type="fig"}). Overall, 69 tumors (27%) developed from 254 single cell injections. This demonstrates that xenotransplantation assays can be improved to the point that single human melanoma cells can engraft and form tumors in vivo, confirming that cells with tumorigenic potential are common within human melanomas.

Additional modifications to xenotransplantation assays may further improve the detection of human cells able to form tumors, such that 25% could remain an underestimate of the percentage of melanoma cells with tumorigenic potential. Since some melanoma cells are fated to undergo cell death or senescence as a result of deleterious genetic changes or proximity to necrotic areas, it is possible that most melanoma cells that are not fated to undergo cell death or senescence have tumorigenic potential. It also remains possible that some melanomas, particularly early stage primary tumors, may contain less frequent tumorigenic cells than observed in our studies.

Tumorigenic melanoma cells are phenotypically heterogeneous {#S5}
===========================================================

To assess whether tumorigenic melanoma cells are phenotypically distinct from melanoma cells that fail to form tumors, we examined the expression of more than 50 surface markers on melanomas derived from several patients ([Suppl. Table 2](#SD1){ref-type="supplementary-material"}). These included markers of other cancer stem cell populations, melanocytes, melanoma, neural crest derivatives, and other cell types. Fifteen of these markers (A2B5, c-kit, CD44, CD49B, CD49D, CD49f, CD54, CD133, CD166, E-cadherin, HNK-1, L1CAM, MCAM, N-cadherin, and p75) were heterogeneously expressed by melanoma cells from multiple patients and were tested for the ability to distinguish tumorigenic from non-tumorigenic melanoma cells in vivo ([Suppl. Table 2](#SD1){ref-type="supplementary-material"}). In each case, melanoma cells were fractionated by flow-cytometry (except CD133, which was sometimes fractionated using magnetic beads as in prior studies[@R10],[@R32]) and cells that expressed different levels of the indicated markers were injected into NOD/SCID IL2Rγ^null^ mice. In every case, tumors arose from all fractions of cells. We found no marker that distinguished tumorigenic from non-tumorigenic cells ([Suppl. Table 2](#SD1){ref-type="supplementary-material"}). Detailed results are shown for CD49f (a~6~ integrin, a marker expressed by many different stem cells[@R33]) and L1CAM (which is associated with CD133 expression in glioma stem cells[@R34]) in [Suppl. Fig. 5](#SD1){ref-type="supplementary-material"}.

A prior study found that 1 in 120,735 (0.00083%) ABCB5+ metastatic melanoma cells formed tumors in NOD/SCID mice, a 10-fold enrichment over unfractionated cells[@R1]. Since ABCB5 expression has been shown to correlate with the expression of CD166 and CD133[@R35], we tested whether CD166 or CD133 could enrich tumorigenic melanoma cells in the modified xenotransplantation assay ([Suppl. Fig. 6](#SD1){ref-type="supplementary-material"}). The frequency of CD133+ cells in tumors from 12 different patients was consistently lower (almost always lower than 5%) than the frequency of tumorigenic cells in the same tumors (5 to 20%; [Suppl. Fig. 6b](#SD1){ref-type="supplementary-material"}). Moreover, CD133+ cells were not enriched for tumorigenic melanoma cells. Both CD133+ and CD133- fractions from two different melanomas exhibited very high frequencies of tumorigenic cells ([Suppl. Fig. 6c](#SD1){ref-type="supplementary-material"}). Flow cytometric analyses indicated that all of the resulting tumors contained both CD133+ and CD133- cells, irrespective of whether they were derived from CD133+ or CD133- cells (data not shown). Both CD166+ and CD166- fractions also contained very high frequencies of tumorigenic melanoma cells ([Suppl. Fig. 6f](#SD1){ref-type="supplementary-material"}). We have therefore been unable to identify any phenotypic differences that distinguish tumorigenic from non-tumorigenic melanoma cells. These results raise the possibility that markers that enrich rare cells with tumorigenic potential in NOD/SCID mice may fail to distinguish tumorigenic from non-tumorigenic cells in assays that detect much higher frequencies of tumorigenic cells.

Discussion {#S6}
==========

Our data demonstrate that modifications in xenotransplantation assays can dramatically increase - by several orders-of-magnitude - the detectable frequency of cells with tumorigenic potential. This means that some cancers that appear to have rare tumorigenic cells in NOD/SCID mice actually have very common cells with tumorigenic capacity under other conditions. Other cancers may still have infrequent tumorigenic cells, even when studied under optimised conditions, but the frequency and phenotypic diversity of these cells may be considerably greater than currently thought. Efforts to optimise the xenotransplantation of human cancer cells will be necessary to identify and study the full spectrum of human cancer cells capable of contributing to disease progression.

It is important to note that neither our study nor prior cancer stem cell studies address the question of what cells actually contribute to tumor growth and disease progression in patients. These studies address the [potential]{.ul} of cancer cells to proliferate extensively and to form tumors/leukemias, not their actual [fate]{.ul} within patients. Depending on how different the tumor environment is within patients as compared to mouse models, it is possible that different cancer cells form tumors in mouse models as compared to human patients. Thus, although we observe a high percentage of melanoma cells that have the potential to proliferate extensively and form new tumors, it is possible that an even greater, or a much smaller, fraction of melanoma cells actually contributes to disease progression in patients.

Although most cancer stem cell studies have detected only rare cells with tumorigenic capacity, it has recently been pointed out that leukemogenic/tumorigenic cells do not necessarily have to be rare for cancers to follow a cancer stem cell model[@R17]. Our observation that NOD/SCID xenotransplantation can dramatically underestimate the frequency of tumorigenic cells in at least some human cancers does not necessarily mean that such cancers will not have intrinsically different populations of tumorigenic and non-tumorigenic cells. Having said that, the frequency of tumorigenic cells in human melanoma is much higher than reported for any cancer previously suggested to follow a cancer stem cell model, and we have not yet been able to identify phenotypic differences between melanoma cells that form tumors as compared to those that do not. If markers that distinguish tumorigenic from non-tumorigenic melanoma cells in optimised xenotransplantation assays are identified in future, it will be important to test whether these markers reflect epigenetic differences between cells (as envisioned under the cancer stem cell model) or genetic/environmental differences between cells.

Although cells with tumorigenic potential are likely to be much more frequent in most human cancers than estimated based on NOD/SCID transplantation, we believe the available evidence continues to support the conclusion that some human cancers follow a cancer stem cell model. For example, data from the syngeneic transplantation of mouse AML[@R36] and the transplantation of human AMLs into improved mouse models[@R17], continue to suggest that many AMLs have small, intrinsically distinct subpopulations of AML-initiating cells. Extensive clinical experience with germ cell cancers proves that therapies that eliminate the undifferentiated subset of cancer cells can cure patients, even if differentiated cancer cells are left behind[@R37],[@R38]. Nonetheless, careful ptimisation of xenotransplantation assays will likely yield a more nuanced view of cancer in which some cancers contain small subpopulations of cancer-initiating cells, while other cancers contain common tumorigenic cells with little evidence of hierarchical organization. In both cases it will be critical to identify all cancer cells that have the potential to contribute to disease in patients in order to develop more effective therapies.

METHODS SUMMARY {#S7}
===============

Tumor cell preparation {#S8}
----------------------

Melanoma specimens were obtained from patients according to protocols approved by the Institutional Review Board of the University of Michigan Medical School (IRBMED approval \# 2004-1058 and 2000-0713). Fresh tumor tissue was mechanically dissociated, enzymatically digested and filtered to obtain a single cell suspension.

Cell labeling and sorting {#S9}
-------------------------

Cells were stained with directly conjugated antibodies to human CD45, human CD31 and Glycophorin A (to eliminate hematopoietic and endothelial cells from tumors obtained directly from patients) or mouse CD45, mouse CD31, Ter119 and human HLA-A,B,C (to eliminate mouse hematopoietic and endothelial cells and select human cells from xenografted tumors). Cells were resuspended in 10 μg/ml DAPI to label dead cells and sorted on FACSVantage SE or FACSAria flow cytometers. Some samples were labeled with anti-CD133 antibody and separated magnetically using a CD133 Cell Isolation Kit (Miltenyi Biotec, Bergisch Gladbach, Germany). When testing other markers, cells were usually labeled with unconjugated primary antibodies (see [Supp Table 2](#SD1){ref-type="supplementary-material"}) and then with directly-conjugated secondary antibodies prior to staining with the directly conjugated antibodies described above.

Transplantation of human melanoma cells {#S10}
---------------------------------------

After sorting, cells were counted and resuspended in staining medium (L15 medium containing 1mg/ml BSA, 1% penicillin/streptomycin and 10mM HEPES (pH7.4)), with or without 25% Matrigel (BD Biosciences). Subcutaneous injections of human melanoma cells were performed in NOD.CB17-Prkdcscid/J (NOD/SCID) and NOD.CB17-Prkdcscid Il2rgtm1Wjl/SzJ (NOD/SCID IL2Rγ^null^) mice (Jackson Laboratories) according to protocols approved by the Committee on the Use and Care of Animals at the University of Michigan (protocol \#9055).

Statistics {#S11}
----------

Limiting dilution analyses were performed based on Bonnefoix et al[@R39], using the limdil function of the "statmod" package (author G.K. Smyth, <http://bioinf.wehi.edu.au/software/limdil/>), part of the R statistical software project (<http://www.r-project.org>). Melanoma-initiating cell frequencies were compared using likelihood ratio tests.

METHODS {#S12}
=======

Cell preparation {#S13}
----------------

Tumors were mechanically dissociated with a McIlwain tissue chopper (Mickle Laboratory Engineering Co., Guilford, U.K.) prior to sequential enzymatic digestion in 200 U/mL collagenase IV (Worthington, Lakewood, NJ) for 20 min followed by 0.05% trypsin-EGTA for 5 min, both at 37°C. DNase (50-100 U/mL) was added to reduce clumping of cells during digestion. Cells were filtered (40μm cell strainer) to obtain a single cell suspension. Dead cells and debris were reduced by density centrifugation (1.1g/ml Optiprep™, Sigma, St Louis, MO) and/or magnetic bead separation (Dead Cell Removal Kit; Miltenyi Biotec, Auburn, CA) as necessary. Primary human melanocytes[@R41] and mesenchymal stem cells[@R42] were cultured as described.

Cell labeling and sorting {#S14}
-------------------------

All antibody labeling of cells was performed for 20 min on ice, followed by washing and centrifugation. Secondary antibodies were conjugated to phycoerythrin (goat anti-mouse IgG or IgM, goat anti-rat IgG or goat anti-rabbit IgG; Jackson ImmunoResearch, West Grove, Pennsylvania). Primary isotype controls followed by the same secondary antibodies were used to set background. Cells were subsequently stained with directly conjugated antibodies to human CD45 (HI30-APC, BD Biosciences, San Jose, CA), human CD31 (WM59-APC, eBiosciences, San Diego, CA) and Glycophorin A (HIR2-APC, Biolegend, San Diego, CA) (for tumors obtained directly from patients) or mouse CD45 (30-F11-APC, eBiosciences), mouse CD31 (390-APC, Biolegend), Ter119 (TER-119-APC, eBiosciences) and human HLA-A,B,C (G46-2.6-FITC, BD Biosciences) (for xenograft tumors) to select live human melanoma cells and to exclude endothelial and hematopoietic cells. Cells were resuspended in 10μg/ml DAPI (Sigma) and sorted on a FACSVantage SE-dual laser, three line flow cytometer or a FACSAria Cell Sorter (Becton-Dickinson, San Jose, CA). After sorting, an aliquot of sorted cells was always reanalyzed to check for purity, which was usually \>95%. Magnetic cell separation using the CD133 Cell Isolation Kit (Miltenyi Biotec, Bergisch Gladbach, Germany) was performed according to the manufacturer's instructions.

Identification of single melanoma cells {#S15}
---------------------------------------

Sorted cells were diluted and aliquoted into 10 μL microwells (Thermo Fisher Scientific, Roskilde, Denmark). Plates were centrifuged at 450xg for 30 seconds and wells containing single cells were identified by phase microscopy. In control experiments, the presence of microscopically-identified single cells was correlated by Acridine Orange staining, with a single nucleus seen in 90/90 cells identified as single cells by phase contrast microscopy. Cell doublets could be identified easily, were rare (7 of 312 wells examined) and were discarded. Wells containing single cells were transferred to a syringe containing Matrigel prior to injection. Cell transfer to the syringe was confirmed by observing the absence of a cell in the well it came from.

Transplantation of melanoma cells {#S16}
---------------------------------

Subcutaneous injections were performed into each flank and the interscapular region of each mouse. Tumor formation was evaluated regularly by palpation of injection sites and tumor diameters were measured with calipers. Mice were monitored for up to 32 weeks after injection. In cases where a tumor became palpable at only one injection site and was causing the mouse distress, that tumor was surgically removed to allow continued evaluation of other injection sites. Tumors were only evident at injection sites and we never observed subcutaneous metastases. To confirm this, we performed a single subcutaneous injection of 200 cells from tumor 205 into each of six NOD/SCID IL2Rγ^null^ mice after mixing in Matrigel and observed only one tumor per mouse at the injection site. The presence of human melanomas was always confirmed at necropsy based on gross examination and marker expression.

Histopathology and immunostaining {#S17}
---------------------------------

Portions of melanoma tumors used in experiments were fixed in 10% neutral buffered formalin, paraffin embedded, sectioned and stained with hematoxylin and eosin for histopathology analysis. Paraffin-embedded tumors were confirmed as melanomas by staining for S100 and HMB45 expression after quenching endogenous peroxidase activity. Binding of anti-S100 antibody (DAKO, Glostrup, Denmark) was performed for 30 min at room temperature, detected by anti-rabbit secondary (30 min at room temperature) and revealed using DAB chromagen. Binding of HMB45 antibody (DAKO) was performed for 30 min at room temperature after antigen retrieval with proteinase K, detected using the M.O.M. immunodetection kit (Vector Laboratories, Burlingame, CA) and revealed using DAB. S100- and HMB45-stained slides were counterstained with hematoxylin. For staining of sorted cells, cells from tumors were cytospun (18xg for 6 min) onto slides after fixation with 4% paraformaldehyde for 5 min at room temperature. For immunofluorescence, slides were rinsed in PBS and blocked in goat serum solution (GSS) (PBS containing 5% goat serum, 1%BSA and 0.3% Triton X-100) for 1 hour to reduce non-specific antibody binding. Incubation with S-100β antibody (Sigma, diluted 1:200 in GSS,) was performed overnight at 4°C, followed by secondary goat anti mouse IgG1 Alexa 488 (Invitrogen, Carlsbad, CA) for 2 hours at room temperature. Slides were counter stained with DAPI for 10 minutes at room temperature, and then mounted in fluorescent mounting solution (DAKO). For detection of melanin pigment, the Fontana Masson method was used[@R43]. Slides were microwaved for 1 min in 2.5% Fontana silver nitrate solution (Sigma), prior to rinsing and toning with 0.2% gold chloride for 2 min. After rinsing, slides were incubated in 5% sodium thiosulfate (Sigma) for 2 min, washed and nuclei were stained with DAPI. Slides were mounted in DAKO fluorescent mounting solution.

Statistics {#S18}
----------

Differences between mean times to tumor palpability were compared using unpaired t-tests. Tumor growth rates were determined by calculating averaged linear regression slopes of the diameters of each tumor at each time point, monitored for at least 10 days, and displayed with dot points representing the mean (±s.d.) of the diameters of all tumors palpable at the indicated time points.
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![Only rare human melanoma cells form tumors in NOD/SCID mice\
**a**, Tumor development after subcutaneous injection of unfractionated primary melanoma cells directly from seven patients into NOD/SCID mice. Dots represent the times after injection at which individual tumors were first palpable and are colored according to cell dose. Crosses are injections that failed to form tumors. Dotted line indicates 8 weeks after injection. **b**, All tumors were diagnosed as metastatic melanoma by clinical pathology (see [Suppl. Table 1](#SD1){ref-type="supplementary-material"} for more information). The tumors that formed in mice (i, arrow) became large, grew quickly once they were palpable, and were histologically similar to the patient tumors from which they were derived. Flow-cytometry demonstrated that the vast majority of tumor cells expressed human HLA (ii; dotted line represents unstained control). Some tumors were highly pigmented (iii) while others contained variable pigmentation (iv) or were amelanotic (scale bar=1cm). H&E stained sections through the same tumors showed pigmented cells (v, vi, see arrows, bars = 25μm). Cytospun cells contained melanin, as indicated by Fontana-Masson staining (vii, viii, arrows, bars = 25 μm), and showed widespread S100ß staining (ix, x), a marker used to diagnose melanoma[@R40]. **c**, Limiting dilution analyses of the frequency of tumorigenic melanoma cells in Fig.1a at 8 weeks or 32 weeks after transplantation (\*p\<0.0001).](nihms-74466-f0001){#F1}

![Modifications to the xenotransplantation assay reveal that many more human melanoma cells have tumorigenic potential than detected in NOD/SCID mice\
**a**, Live human melanoma cells were isolated from xenografted tumors by flow-cytometry. After gating to eliminate debris and dead cells, additional gates were drawn to select human HLA+ cells and to exclude mouse hematopoietic (CD45 and TER119) and endothelial (CD31) cells (middle panel). The human HLA+ cells consistently formed tumors upon transplantation into immunocompromised mice while mouse hematopoietic and endothelial cells did not (data not shown). **b**, Tumor development after side-by-side subcutaneous injections of 4,000 human melanoma cells from a xenograft derived from patient 308 into NOD/SCID or NOD/SCID IL2Rγ^null^ mice. **c**, Tumor development after side-by-side injections of 400 human melanoma cells from a xenograft derived from patient 205 cells into NOD/SCID IL2Rγ^null^ mice, with or without Matrigel. Photographs in **b**, and **c**, show resulting tumors at the time of analysis (bars = 1 cm). Similar experiments conducted with xenografted and non-xenografted tumors from several patients demonstrated that a significantly higher frequency of human melanoma cells formed tumors when injected into NOD/SCID IL2Rγ^null^ mice ([Suppl. Fig. 2](#SD1){ref-type="supplementary-material"}) or with Matrigel ([Suppl. Fig. 4b](#SD1){ref-type="supplementary-material"}). The tumors were also palpable earlier and grew faster (Suppl. Figs. [1](#SD1){ref-type="supplementary-material"}, [4a](#SD1){ref-type="supplementary-material"}). **d**, Limiting dilution analyses of tumors that arose after 8 weeks in NOD/SCID or NOD/SCID IL2Rγ^null^ mice from the side-by-side transplantation of melanoma cells (derived from xenografts) mixed with vehicle or Matrigel, respectively. In all cases, melanoma-initiating cells were significantly (\*p\<0.05) more frequent in the modified assay and represented 1 in 5 to 1 in 15 cells. CI: confidence interval.](nihms-74466-f0002){#F2}

![A high percentage of human melanoma cells are tumorigenic but normal human cells are not\
**a**, Large doses of primary human melanocytes and/or mesenchymal stem cells were mixed with Matrigel and transplanted into NOD/SCID IL2Rγ^null^ mice. No tumors were palpable after 19 weeks. The frequency of melanoma-initiating cells in 12 human tumors obtained either from xenografts (**b**) or directly from patients (**c**) was calculated by limiting dilution analysis. Tumors from patients 498 and 509 were primary cutaneous lesions (cut), whereas other tumors were metastases ([Suppl. Table 1](#SD1){ref-type="supplementary-material"}). In each case, live human melanoma cells were isolated by flow-cytometry, mixed in Matrigel, and injected subcutaneously into NOD/SCID IL2Rγ^null^ mice. 11% of melanoma cells from xenografts and 25% of melanoma cells directly from patients formed tumors within 32 weeks of transplantation. Weeks to palpability (mean±s.d.) is indicated for the lowest dose of cells from each tumor. CI: confidence interval.](nihms-74466-f0003){#F3}

![Efficient tumor development from the xenotransplantation of single human melanoma cells\
**a**, Flow-cytometrically isolated human melanoma cells derived from xenografts from 4 patients were diluted into Terasaki microwells such that wells containing single cells could be identified by phase contrast microscopy. In control experiments, the presence of single cells was confirmed by the observation of single nuclei with Acridine Orange staining in 90 out of 90 cases. The single cells were mixed with Matrigel and injected into NOD/SCID IL2Rγ^null^ mice. Tumors arising from the injection of single cells were confirmed to be melanoma by H&E, S100, and HMB45 staining (right panels show sections from a tumor that arose from single cells obtained from patient 214) **b**, The percentage of single cell injections (69/254=27%) that formed tumors within 20 weeks of transplantation. CI: confidence interval. Weeks to first palpability (mean±s.d.) is indicated for each set of tumors.](nihms-74466-f0004){#F4}
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